Thalamic white matter (WM) injury in multiple sclerosis (MS) remains relatively poorly understood.
damage and cognitive status in MS Hulst et al., 2013) .
Diffusion-tensor imaging (DTI) allows for the probing of tissue microstructure, which has been shown to be widely damaged in MS patients. Two commonly used DTI-derived parameters include fractional anisotropy (FA) and mean diffusivity (MD), which reflect the directional dependence and average magnitude of diffusion, respectively. WM in MS patients tends to be characterized by decreased FA and increased MD compared to healthy controls (HCs; Benedict et al., 2013; Cappellani et al., 2014) but increased thalamic FA in MS patients has also been noted (Tovar-Moll, et al., 2009) . Moreover, thalamic WM MD explained additional variance in cognitive status even after accounting for structural volume . The association between increased diffusivity, within much of the WM as well as within the thalamus, and cognitive decline by other reports Llufriu, et al., 2014) further highlights the utility of DTI in this regard. Although the exact causes of thalamic diffusivity alterations remain uncertain, WM lesions (WML) in connected WM fiber tracts play a role (Cappellani et al., 2014) . Wallerian degeneration within the thalamus following axonal transection due to WMLs likely explains this pathological aspect. In addition, thalamic lesions are likely to have a direct impact on thalamic integrity (Minagar et al., 2013) .
Iron plays a crucial role in the normal functioning of the brain due to its role in neurotransmitter production and synthesis of myelin. It has been recently suggested that thalamic iron homeostasis may be altered in MS patients (Bagnato, et al., 2011; Quinn et al., 2014; Zivadinov, et al., 2012) , with some studies reporting increased thalamic iron content (Rudko, Solovey, Gati, Kremenchutzky, & Menon, 2014; Walsh et al., 2014) while others have found decreased iron levels compared to healthy individuals. Associations between thalamic iron content and cognitive impairment in MS patients have also been investigated (Fujiwara et al., 2017; Modica et al., 2015) .
Nevertheless, such associations specifically within the thalamic WM have yet to be investigated in MS.
Quantitative susceptibility mapping (QSM) is an imaging modality that can determine the magnetic susceptibility of tissue and is thus sensitive to the presence of iron (Hagemeier, et al., 2017; Schweser et al., 2018; Schweser, Sommer, Deistung, & Reichenbach, 2012) . The technique utilizes the complex signal from a gradient echo (GRE) acquisition to derive the magnetic susceptibility distribution (Schweser, Deistung, Lehr, & Reichenbach, 2011) . It remains to be determined whether altered thalamic iron dynamics have a causative role or represent an epiphenomenon of other disease processes occurring directly within the thalamus itself or following injury to connected WM tracts. While changes in WML susceptibility have been quantified using QSM (Wisnieff et al., 2015) , the potential impact that WMLs themselves have on thalamic susceptibility has not yet been extensively investigated. One recent study did not detect any associations between change in susceptibility within the thalamus considered as a whole and WML volumes (Hagemeier et al., 2017 HCs. Participants had to be between 18 and 65 years old and were excluded if they were pregnant or in case of pre-existing medical conditions known to be associated with brain pathology (e.g., cerebrovascular disease, positive history of alcohol dependence). At the time of MRI acquisition, MS patients were relapse-and steroid-free within the last thirty days. Clinical disability in patients was quantified via the Expanded Disability Status Scale (EDSS). The 17 HC volunteers had a normal neurological examination and no history of neurologic disorders or chronic psychiatric disorders. The study was approved by the local Ethical Standards Committee at the University at Buffalo and written informed consent was obtained from all participants.
| Neuropsychological assessment
A board-certified neuropsychologist specializing in MS, and blinded to MRI findings, supervised the Brief International Cognitive Assessment for MS (BICAMS; Langdon et al., 2012) , consisting of the Symbol Digit Modalities Test (SDMT; Smith, 1982; Benedict et al., 2017) , California Verbal Learning Test-2nd edition (CVLT2; Delis, Kramer, Kaplan, & Ober, 2000) , and the Brief Visual Memory Test-Revised (BVMTR; Benedict, 1997) . Neuropsychological assessments were performed within an average of 14 days from MRI examination. Test scores were adjusted based on normative data that accounts for age and education.
| MRI acquisition
All scans were acquired on the same 3T GE Signa Excite HD 12.0 MRI scanner (General Electric, Milwaukee, WI) with an 8-channel head and neck coil. The imaging system did not undergo any major hard-or software upgrades during the study. Data for QSM were acquired using an un-accelerated 3D single-echo spoiled GRE sequence with first-order flow compensation in read and slice directions, a matrix of 512 3 192 3 64 and a nominal resolution of 0. Magnitude and phase components from the GRE acquisition were reconstructed offline using sum-of-squares and scalar phase matching (Hammond et al., 2008) , respectively. Gradient non-linearity distortions were corrected (Polak, Zivadinov, & Schweser, 2015) . Phase images were unwrapped with a best-path algorithm (Abdul-Rahman et al., 2007) , background-field corrected with V-SHARP (Schweser et al., 2011; Wu, Li, Guidon, & Liu, 2012) , and finally converted to magnetic susceptibility maps using the HEIDI algorithm (Schweser et al., 2012) .
Magnetic susceptibility was referenced (0 ppb) to the average susceptibility of the brain, under the assumption that a larger reference region would reduce additional inter-subject variability, compared to a smaller reference region. To investigate a potential influence of the reference region on differences between MS patients and HCs, susceptibility maps were also generated after referencing to either cerebrospinal fluid (CSF) or the internal capsule. In-house developed algorithms for QSM processing were written in MATLAB (2013b, The MathWorks, Natick, MA).
| Lesion assessment and tissue volumetry
WM lesions (WML) were outlined on the FLAIR image with JIM software (http://www.xinapse.com/) version 6, which utilizes a semiautomated, local thresholding technique (Zivadinov et al., 2012) .
Lesions confined entirely within the thalamus were also counted on the FLAIR image. Tissue volumetry was performed using the 3D T 1 -weighted image, which was preprocessed using a lesion filling to reduce the impact of T1 hypointensities on segmentation quality (Gelineau-Morel et al., 2012) . Specifically, SIENAX software (Smith et al., 2002 ) was used to obtain whole brain, total gray and total white volumes while the bilateral thalami were segmented using FIRST (Patenaude, Smith, Kennedy, & Jenkinson, 2011) . Tissue volumes were normalized for head size.
| Diffusion-weighted imaging preprocessing
The topup tool, part of the FMRIB's Software Library (FSL) toolbox (http://www.fmrib.ox.ac.uk/fsl), was used to correct for susceptibilitybased geometric distortions by calculating a field map from the pair b 5 0 images with opposite phase encoding polarity (Andersson, Skare, & Ashburner, 2003) . Eddy current distortions and subject movement were corrected by using the eddy tool (Andersson & Sotiropoulos, 2016) , which is also part of the FSL toolbox. The diffusion tensor was then fitted and quantitative FA and MD maps were obtained.
| Thalamic white matter analysis
The tract-based spatial statistics (TBSS) pipeline (Smith et al., 2006) was then utilized to generate skeletonized WM maps. All subjects' FA data were aligned into a common space using nonlinear registration.
WMLs were excluded from the registration cost function to minimize their impact on spatial normalization. Next, the mean FA image was thinned to create a mean FA skeleton which represents the centers of all tracts common to the group. Each subject's aligned FA and MD data were then projected onto this skeleton. QSM maps were also projected via the combination of linearly registering the GRE magnitude image to the subject's b 5 0 image and the corresponding FA warp from the TBSS pipeline.
Subsequent analysis was restricted to the thalamic WM by taking the intersection of the TBSS skeleton and the Harvard-Oxford Subcortical Structural Atlas thalamic ROI. Mean FA, MD and susceptibility values within the thalamic WM skeleton were extracted. Next, joint inference on FA, MD and susceptibility maps was performed using the non-parametric combination (NPC) method (Winkler et al., 2016b) as implemented in the Permutation Analysis of Linear Models (PALM) tool (Winkler, Ridgway, Webster, Smith, & Nichols, 2014) . With NPC, the joint null hypothesis of the NPC is that the null hypothesis for each of the partial tests (i.e., univariate analysis of the individual modalities) is true while the alternative is that any of them are false. It is important to note that the NPC technique does not simply take the union of any suprathreshold voxels but aggregates the results by combining the partial tests into a single joint statistic. Depending on the combining function used, non-significant partial tests can contribute to a significant joint test (Winkler et al., 2016b) . As a consequence, NPC offers a more powerful alternative compared to using just a single modality or performing post-hoc analyses of multiple modalities. For example, a relatively weak effect in two different imaging modalities might not be detected when considering either on its own, but the combined statistic might reveal a significant effect. However, the addition of a modality with no signal, either on its own or after controlling for a covariate, may reduce power as a consequence of diluting the effect. Further details are provided in the Statistical analysis section.
| Lesion probability mapping
Lesion probability maps (LPM) were created as previously described (Bodini et al., 2011) . Briefly, individual lesion masks were all put into standard MNI space and then averaged. Each voxel in the resulting image thus corresponds to the probability of corresponding to a lesion in the entire MS cohort. The PALM tool was used for non-parametric 
| Statistical analysis
Statistical analyses were performed using SPSS (version 21; IBM Corp., Armonk, NY). Differences in demographic characteristics between the groups were assessed using the Student's t test and Chi-squared, as appropriate. Comparisons between summary imaging measures were made using ANCOVA models, adjusting for age and sex.
For all voxel-wise analyses (i.e., TBSS and LPM), general linear models (GLM) were tested with PALM using tail acceleration (Winkler, Ridgway, Douaud, Nichols, & Smith, 2016a ) with 500 permutations, adjusting for age and sex. Threshold-free cluster enhancement was used to identify significant clusters. For the NPC analyses, partial tests were combined using the default Fisher function, which allows for the joint statistic to be significant in the presence of partial tests in which none is significant on its own (Winkler et al., 2016b) . In MS patients only, the same approach was used to assess associations between thalamic skeleton parameters and SDMT performance. To investigate the added value of the NPC approach for investigating thalamic WM, analyses were repeated after including thalamic volume as an additional covariate. Correlations between the imaging modalities were also investigated at the voxel-wise level as well as with respect to average value throughout the thalamic WM skeleton.
p Values < .05 were considered significant, corrected for the family-wise error rate in the case of voxel-wise analyses. but not the CVLT2. Cells represent mean (standard deviation). Differences between the groups were assessed using ANCOVA models, adjusting for age and sex. Volumes are reported in milliliters. FA is a unitless measure. MD is reported in in mm 2 /s 3 10 23 . Susceptibility is reported in ppb.
| R E SU LTS

| Demographic and clinical characteristics
| MR imaging characteristics
Abbreviations: HC 5 healthy controls; MS 5 relapsing remitting multiple sclerosis; n 5 number; WB 5 whole brain; GM 5 gray matter; WM 5 white matter; FA 5 fractional anisotropy; MD 5 mean diffusivity; Dv 5 magnetic susceptibility.
(p 5 .013). For most participants, thalamic lesions were not seen: 11 patients had one, 1 patient had two, and 2 patients had three.
3.3 | Voxel-wise group differences within the thalamic WM skeleton
Results from the univariate analyses are shown in Figure 1 . 
| Voxel-wise associations with neuropsychological outcomes
Voxel-wise associations between thalamic WM measures and neuropsychological outcomes in MS patients are summarized in Table 3 . Univariate associations are shown in Figure 4 while results from the NPC analysis are presented in Figure 5 . In terms of SDMT performance, the largest proportion of significantly associated voxels was found using the combination of MD and magnetic susceptibility modalities. However, controlling for thalamic volume resulted in all analyses failing to reach significance. On the other hand, for BVMTR and CVLT2 outcomes, univariate analysis with MD yielded the largest proportion of significant voxels in the thalamic WM skeleton. The same was true when controlling for thalamic volume. 
| Influence of reference region on group MS versus HC group differences
| D ISCUSSION
In this study, we combined quantitative diffusivity and magnetic susceptibility measures in an attempt to better characterize the extent of thalamic WM damage in MS with respect to HCs as well its relation to cognition. Our findings highlight the complex nature of thalamic pathology in MS.
In the univariate analyses, voxel-wise differences within the thalamic WM skeleton between HCs and MS patients were greatest for MD followed by FA and susceptibility measures. Compared to MD alone though, the addition of FA yielded only a marginal improvement, as might be expected given that they are highly correlated metrics. On the other hand, a larger portion of the thalamic skeleton was found to be significantly affected when including susceptibility measures in the combined analysis, compared to MD alone. As MD and susceptibility values were correlated in less than 20% of the thalamic WM skeleton, our findings highlight the complementary nature of diffusion and susceptibility measures. The combined approach allowed for the detection of more widespread MS-related damage compared to HCs than could be evidenced using only a single modality. Interestingly, while the proportion of significantly different voxels in the thalamic WM skeleton was the smallest for magnetic susceptibility, only this modality revealed significant associations when controlling for thalamic volume in the univariate analyses. However, in the combined analysis, the addition of diffusion modalities resulted in the detection of more widespread damage than magnetic susceptibility alone. Taken together, our findings support the notion of multiple pathogenetic mechanisms simultaneously affecting thalamic WM in MS (Louapre et al., 2017) , which can apparently be captured using a multimodal approach as in the current work.
On the one hand, our DTI findings further confirm the results from previous studies showing altered thalamic WM integrity in MS patients Hulst et al., 2013) . On the other hand, the current study is one of the first to investigate thalamic WM susceptibility.
Susceptibility of the thalamus as a whole has been an active area of research with discrepant reports due to a number of factors, such as patient characteristics (Quinn et al., 2014) or region of interest definitions (Quinn et al., 2014; Zivadinov et al., 2012) . For example, a recent voxel-wise study utilizing 7T MRI reported increased overall thalamic susceptibility in MS patients compared to HCs, which was also positively associated with EDSS scores (Rudko et al., 2014) . Thalamic WM was not specifically investigated though and the cohort consisted of patients only in the earlier phases of the disease with 4 patients with clinically isolated syndrome and 21 with RRMS. Moreover, the patients in that study were considerably younger with a mean age of 37.3 years compared to 57.0 years in the current study. Given the known nonlinear nature of thalamic iron changes in HCs, with increases in the first several decades of life followed by subsequent reductions beginning around mid-life (Hallgren & Sourander, 1958) , our findings are not necessarily contradictory. Instead, they may simply reflect different snapshots in the temporal evolution of thalamic iron dynamics in MS (Louapre et al., 2017) . A comprehensive overview of studies investigating thalamic susceptibility in MS was recently published . That study also found lower magnetic susceptibility in a The results from the LPM analysis confirmed the previously reported association between WMLs and increased microstructural damage, as assessed by DTI, of the subcortical structures (Cappellani et al., 2014) . While the exact mechanisms are not fully understood, anterograde and retrograde degeneration secondary to axonal transection are thought to play key roles (Kipp et al., 2015) . Indeed, WMLs were significantly associated with decreased FA and increased MD values within the thalamic WM skeleton. Interestingly though, WML presence was not related to the average susceptibility. These results suggest that decreased thalamic WM susceptibility stems from a pathological process that is at least partially independent from focal damage in the surrounding WM. It seems plausible that thalamic lesions play a role as well. We were unable to investigate this hypothesis though as we detected a limited number of thalamic lesions. However, it must be mentioned that we almost certainly failed to detect a considerable proportion of them in our cohort, as imaging at higher field strengths has revealed a much greater prevalence (Harrison et al., 2015) .
Furthermore, our results confirm the association between thalamic WM damage and cognitive impairment in MS as previously reported Hulst et al., 2013) . Diffusivity changes were indeed consistently associated with information processing speed, as measured by the SDMT, and memory, as quantified by BVMTR (visual memory) and CVLT2 (verbaml memory). However, magnetic susceptibility was related only to SDMT performance.
Moreover, the combined analysis including diffusivity measures and magnetic susceptibility revealed a more widespread association for SDMT but a more restricted spatial pattern compared to MD alone for BVMTR and CVLT2 outcomes. These results are unlike those from the group comparison with HCs where the combination of diffusivity and magnetic susceptibility modalities revealed a more widespread involvement of thalamic damage than either on its own. The exact interpretation of these apparent discrepancies is unclear at this time and warrant further investigation. In addition, portions of the thalamic WM skeleton remained significantly associated with BVMTR and CVLT2, even after controlling for thalamic volume, which are for the most part in line with previous work except for the lack of association with SDMT . The lack of a relationship with magnetic susceptibility is supported by two previous studies that showed iron levels did not explain additional variance in cognitive outcomes after controlling for thalamic volume (Fujiwara et al., 2017; Modica et al., 2015) . Overall, our findings point towards thalamic WM iron as having a weaker role in explaining cognitive status compared to that of diffusivity changes, especially when also considering structural atrophy.
Our study is not without limitations. First, its cross-sectional nature prevents us from drawing conclusions regarding the temporal relationships of the mechanisms involved in intrathalamic damage. Second, the identification of thalamic WM was based on the results of the TBSS pipeline. While this approach overcomes some of the difficulty inherent in aligning WM tracts, it has not been validated to accurately separate thalamic WM from the surrounding GM. Moreover, the diffusion acquisition had relatively coarse spatial and angular resolutions, which may have resulted in a certain degree of partial voluming from the surrounding GM. Although the medullary laminae were evident in the thalamic WM skeleton, some caution is thus warranted in the interpretation of our results. While the impact of WM fiber orientation on susceptibility measures is not yet fully understood, a recent study found that voxels with a FA values less than 0.6 can be reliably measured (Lancione, Tosetti, Donatelli, Cosottini, & Costagli, 2017 ). In the current study, an average of 2.6% 6 2.9% of the skeleton was greater than this threshold. If the challenges associated with investigating susceptibility in the WM are eventually resolved, future studies may be warranted to extend our findings to the whole brain. Third, we only investigated DTI-derived FA and MD diffusion parameters. On the other hand, more advanced modeling techniques can provide measures that are potentially more informative. For example, NODDI (Zhang, Schneider, Wheeler-Kingshott, & Alexander, 2012) provides neurite density and orientation dispersion estimates, which are more biologically specific with regards to the underlying tissue properties. Fourth, there are wellknown effects of age on both diffusion properties (Westlye et al., 2010 ) and magnetic susceptibility (Keuken et al., 2017; Zhang et al., 2013) . We controlled for age in our statistical modeling and also repeated our analyses after restricting the MS cohort to a cohort that was better matched in terms of age. Thus, age is unlikely to be a key driver of our results. Nonetheless, our results should be confirmed in future studies, especially since our HC group was relatively small. Fifth,
given the relatively small sample size, we did not investigate whether there were differences between the different MS phenotypes. In conclusion, combining quantitative measures of diffusion and susceptibility can provide additional insight into MS-related tissue damage compared to using a single modality on its own. Longitudinal studies using the same imaging techniques may help to better understand the temporal evolution of thalamic WM damage.
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